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ABSTRACT
We examine the light quark masses in a standard–like superstring model in
the four dimensional free fermionic formulation. We find that the supersymmetry
constraints in the observable and hidden sectors eliminate all large contributions
to mu and md and force them to be much smaller than the other quark masses.
The requirement for an acceptable Higgs doublet spectrum results in mu << md.
In these models a realistic md can always be obtained whereas mu is at most
10−5 MeV . For particular choices of flat directions or vacua mu can be as small
as 10−7 MeV but cannot vanish.
† e–mail address: jphalyo@weizmann.bitnet
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1. Introduction
One of the many puzzling features of the quark spectrum is the smallness of
the (current) up and down quark masses. These are not only suppressed by a
factor of ∼ 10−4 − 10−5 with respect to the weak scale but are also much smaller
than the other quark masses. According to ’t Hooft’s naturalness criterion [1], the
smallness of mu and md must follow from symmetries which are broken only by
a very small amount in order to result in such small mu and md. In the limit of
exact symmetry one would expect to have vanishing mu and md. Thus, a small or
vanishing mu is only natural if it is a result of some (possibly discrete) symmetry.
Another aspect of a small or vanishing mu is that mu = 0 is a possible solution to
the strong CP problem [2]. By now, it is well known that a vanishing mu is not in
conflict with current algebra results [3].
Any extension of the standard model which tries to explain the origin of fermion
masses must explain or at least accomodate the light fermion masses. Foremost
among these are superstring theories [4]. Certainly, if superstring theories are
“the theories of everything”, they should explain the smallness of mu and md in
addition to the rest of the quark spectrum. It is therefore important to examine
light quark masses in realistic superstring models. The purpose of this work is to
see whether current up and down quark masses can be obtained in standard– like
superstring models. Moreover, we would like to know if a vanishing mu is possible.
We also hope to gain an understanding of the symmetries which cause the light
quark masses to be much smaller than those of other quarks.
The standard–like superstring model that we consider has the following prop-
erties [5,6]:
1. N = 1 space–time supersymmetry (SUSY).
2. A SU(3)C × SU(2)L × U(1)n×hidden gauge group.
3. Three generations of chiral fermions and their superpartners, with the cor-
rect quantum numbers under SU(3)C × SU(2)L × U(1)Y .
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4. Higgs doublets that can produce realistic electro–weak symmetry breaking.
5. Anomaly cancellation, apart from a single “anomalous” U(1) which is can-
celed by application of the Dine–Seiberg–Witten (DSW) mechanism [7].
As noted above, in standard–like superstring models there are no gauge and
gravitational anomalies apart from a single “anomalous U(1)” symmetry. This
anomalous U(1)A generates a Fayet–Iliopoulos term that breaks SUSY at the
Planck scale [7]. SUSY is restored and U(1)A is broken by giving VEVs to a
set of standard model singlets in the massless string spectrum along the flat F
and D directions [8]. Thus, the SO(10) singlet fields in the non–renormalizable
terms obtain non–vanishing VEVs by the application of the DSW mechanism.
In addition, scalars which are in the vector representations of unbroken, non–
Abelian, hidden sector gauge groups condense and obtain VEVs at the conden-
sation scale, ΛH . Then, the order N(= m + n) non–renormalizable terms, of the
form cffh(ΦmV n/M)N−3 (for n = 0, 2), become effective Yukawa terms, where
f, h,Φ, V denote fermions, scalar doublets, scalar singlets and hidden sector states,
respectively. M is a Planck scale mass to be defined later. The effective Yukawa
couplings are given by λ = c(〈ΦmV n〉/M)N−3 where the calculable coefficients c
are of order one [9]. In this manner quark mass terms, as well as quark mixing
terms, can be obtained. Realistic quark mixing and masses for the two heavy
generations have been obtained for a suitable choice of scalar VEVs [10].
In Ref. (11) the quark mass hierarchy for the heaviest two generations was
obtained by giving mass from the cubic superpotential only to the top quark. The
other quarks except the light ones (i.e. u and d) get their masses from N = 5
non–renormalizable terms and hence they are suppressed relative to the top mass
by a factor of 〈Φ2〉/M2 ∼ 10−2−10−3. It was also noticed that light quark masses
cannot arise only from the observable sector VEVs, to any order in N , due to
SUSY constraints in the observable sector.
In this work we examine the contributions to light quark masses that arise
from hidden sector VEVs in addition to those from the observable sector. We find
3
that SUSY constraints in the observable and hidden sectors (with the requirement
of realistic heavy quark masses) eliminate the potentially large contributions to up
and down masses. In fact, SUSY constrains mu and md to be around the MeV
scale. This can be explained as a result of an effective Z4 symmetry arising from
the SUSY constraints. There are two possible scenarios in which either h¯1 or h¯2
is the light Higgs doublet that couples to the up–like quarks. In both cases the
doublet that couples to down–like quarks is h45. We find that a realistic md ∼
MeV can be obtained in both cases from the off–diagonal terms in the down quark
mass matrix. On the other hand, we find that mu is at most ∼ 10−5 MeV which
is six orders of magnitude smaller than its value obtained from current algebra i.e.
∼ 5 MeV but not small enough to solve the strong CP problem naturally. If we
take 〈Φ¯+
3
〉 = 0, then the only contribution to mu comes from N = 8 terms which
contain hidden sector condensates and give mu ∼ 10−6 MeV . We also find thatmu
vanishes up to N = 8 for a flat direction with 〈Φ±
3
〉 = 〈Φ¯±
3
〉 = 0. There are always,
non–zero, order N > 8 terms which contribute to mu and therefore mu cannot
vanish to all orders in N . N = 9 terms give a lower bound of mu ∼ 10−7 MeV .
mu << md in this model since the onlyMeV scale contribution tomu vanishes due
to the constraints from an acceptable Higgs doublet spectrum as we show below.
The paper is organized as follows. In Section 2, we review the superstring
model. In Section 3, we find the SUSY constraints on VEVs of the hidden sector
states in addition to those of the observable sector states. In Section 4, we examine
the Higgs doublet mass matrix and find the constraints for a realistic Higgs doublet
spectrum. In Section 5, we obtain the up and down quark mass matrices and
examine the contributions to the light quark masses in detail. We also consider
all possible kinds of non–renormalizable terms which contribute to mu and md. In
Section 6, we present a discussion and our conclusions.
2. The superstring model
The superstring standard–like models are constructed in the four dimensional
free fermionic formulation [12]. The models are generated by a basis of eight bound-
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ary condition vectors for all world–sheet fermions. The first five vectors in the basis
consist of the NAHE set {1, S, b1, b2, b3} [13]. The standard–like models are con-
structed by adding three additional vectors to the NAHE set [5,6]. The observable
and hidden gauge groups after application of the generalized GSO projections are
SU(3)C × U(1)C × SU(2)L × U(1)L × U(1)6 ∗ and SU(5)H × SU(3)H × U(1)2,
respectively. The weak hypercharge is given by U(1)Y =
1
3
U(1)C +
1
2
U(1)L and
has the standard SO(10) embedding. The orthogonal combination is given by
U(1)Z′ = U(1)C − U(1)L. The model has six right–handed and six left–handed
horizontal symmetries U(1)rj × U(1)ℓj (j = 1, . . . , 6), which correspond to the
right–moving and left–moving world–sheet currents respectively.
The full massless spectrum with the quantum numbers was presented in Ref.
[5]. Here we list only the states that are relevant for the quark mass matrices.
(a) The b1,2,3 sectors produce three SO(10) chiral generations, Gα = e
c
Lα
+
ucLα +N
c
Lα
+ dcLα +Qα + Lα (α = 1, · · · , 3)
(b) The S + b1 + b2 + α + β sector gives the weak doublet h45, the color triplet
D45 and the SO(10) singlets Φ45,Φ
±
1
,Φ±
2
,Φ±
3
and their conjugates.
(c) The Neveu–Schwarz O sector gives, in addition to the graviton, dilaton,
antisymmetric tensor and spin 1 gauge bosons, the scalar weak doublets h1, h2, h3
and the singlets Φ12,Φ23,Φ13 (and their conjugates). Finally, the Neveu–Schwarz
sector gives rise to three singlet states ξ1,2,3 that are neutral under all the U(1)
symmetries.
The sectors bj +2γ + (I) (j = 1, .., 3) give vector–like representations that are
SU(3)C × SU(2)L × U(1)L × U(1)C singlets and transform as 5, 5¯ and 3, 3¯ under
the hidden SU(5) and SU(3) gauge groups, respectively (see Table 1). The states
from the sectors bj + 2γ + (I) produce the mixing between the chiral generations
[10]. In addition, they give masses to the light Higgs doublets and light quarks
from non–renormalizable terms in the superpotential as we will see below.
∗ U(1)C = 32U(1)B−L and U(1)L = 2U(1)T3R .
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The massless spectrum also contains states from sectors with some combina-
tion of {b1, b2, b3, α, β} and γ + (I). These states are model dependent and carry
either fractional electric charge or U(1)Z′ charge. The ones with fractional charges
get large masses from non–renormalizable interactions and decouple from the spec-
trum. The states with U(1)Z′ charge are listed in Table 2. These appear in the
trilevel superpotential and mix with states from the observable sector. As a result,
we will see that there are non-trivial constraints on the VEVs of these from SUSY
and an aceptable Higgs doublet spectrum.
In addition to the spectrum, we have to consider the superpotential of the
model. Cubic and non–renormalizable contributions to the superpotential are ob-
tained by calculating correlators between vertex operators [9] AN ∼ 〈V f1 V f2 V b3 ·
· · V bN 〉 where V fi (V bi ) are the fermionic (bosonic) vertex operators corresponding
to different fields. The non–vanishing terms are obtained by applying the rules of
Ref. [9].
At the cubic level the following terms are obtained in the observable and hidden
sectors [5],
W3 = {(ucL1Q1h¯1 +NcL1L1h¯1 + ucL2Q2h¯2 +NcL2L2h¯2 + ucL3Q3h¯3 +NcL3L3h¯3)
+ h1h¯2Φ¯12 + h1h¯3Φ¯13 + h2h¯3Φ¯23 + h¯1h2Φ12 + h¯1h3Φ13 + h¯2h3Φ23 + Φ23Φ¯13Φ12
+ Φ¯23Φ13Φ¯12 + Φ¯12(Φ¯
+
1
Φ¯−
1
+ Φ¯+
2
Φ¯−
2
+ Φ¯+
3
Φ¯−
3
) + Φ12(Φ
−
1
Φ+
1
+ Φ−
2
Φ+
2
+ Φ−
3
Φ+
3
)
+
1
2
ξ3(Φ45Φ¯45 + h45h¯45 +D45D¯45 + Φ
+
1
Φ¯+
1
+ Φ−
1
Φ¯−
1
+ Φ+
2
Φ¯+
2
+ Φ−
2
Φ¯−
2
+ Φ+
3
Φ¯+
3
+ Φ−
3
Φ¯−
3
) + h3h¯45Φ45 + h¯3h45Φ¯45 + {1
2
[ξ1(H19H20 +H21H22 +H23H24 +H25H26)
+ ξ2(H13H14 +H15H16 +H17H18)] + Φ¯23H24H25 + Φ23H23H26 + h2H16H17
+ h¯2H15H18 + e
c
L2H8H29 + (V1H9 + V2H11)H27 + V6H5H29 + Φ¯45H17H24
+D45H18H21 + h45H16H25} (5)
with a common normalization constant
√
2g.
There are higher order (i.e. N > 3) contributions to the superpotential which
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can be calculated from the world–sheet correlators. Among other things, these give
masses to the quarks, Higgs doublets [6,14,11] and induce quark mixing [10] etc.
3. SUSY
In order to preserve SUSY at MP , one has to satisfy a set of F and D con-
straints. The set of F and D constraints is given by the following equations:
DA =
∑
k
QAk |χk|2 =
−g2eφD
192π2
Tr(QA)
1
2α′
(6a)
D′j =
∑
k
Q′jk |χk|2 = 0 j = 1 . . . 5 (6b)
Dj =
∑
k
Qjk|χk|2 = 0 j = C,L, 7, 8 (6c)
W =
∂W
∂ηi
= 0 (6d)
where χk and ηi are the fields that do and do not get VEVs respectively and
Qjk are their charges. 2α
′ = g2M2P /8π = M
2 and W is the superpotential. The
charges Qj′k correspond to linear combinations of the original local U(1)rj which
are non–anomalous whereas QA corresponds to an anomalous U(1) local symmetry
with Tr(QA) = 180 [5,14]. From the DSW mechanism, the D constraint for the
anomalous U(1)A gets an additional term proportional to Tr(QA). From Eq. (6a)
we see that, SO(10) singlet scalars must get VEVs ∼ g2M/4π ∼ M/25 in order
to preserve SUSY at MP . The scale of the SO(10) singlet VEVs is fixed by the
U(1)A charges of the fields and the coefficient of the anomaly term. Since for a
generic VEV, 〈Φ〉 ∼ M/25, we can expand the superpotential in the number of
terms (inverse powers ofM) where order N is suppressed by an order of magnitude
with respect to order N − 1. This justifies our expansion in N .
The set of F constraints in the observable sector has been studied before [14].
One finds that SUSY requires (when either 〈H23〉 = 〈H25〉 = 0 or 〈H24〉 = 〈H26〉 =
7
0 which as we will see below is the case)
〈Φ12〉 = 〈Φ¯12〉 = 〈ξ3〉 = 0 (7)
even though the number of fields is larger than the number of constraints. Then,
one is left with only three F constraints from the observable sector:
Φ¯23Φ13 + Φ¯
+
i Φ¯
−
i = 0 (8a)
Φ¯13Φ23 + Φ
+
i Φ
−
i = 0 (8b)
Φ45Φ¯45 + Φ
+
i Φ¯
+
i + Φ
−
i Φ¯
−
i = 0 (8c)
In the hidden sector, on the other hand, we get the following F constraints:
H19H20 +H23H24 +H25H26 = 0 (9a)
H13H14 +H17H18 = 0 (9b)
1
2
ξ1H24 + Φ23H26 = 0 (9c)
1
2
ξ1H23 + Φ¯23H25 = 0 (9d)
1
2
ξ1H26 + Φ¯23H24 = 0 (9e)
1
2
ξ1H25 + Φ23H23 = 0 (9f)
1
2
ξ2H13 =
1
2
ξ2H14 =
1
2
ξ2H17 =
1
2
ξ2H18 = 0 (9g)
As we will see in Section 5, the requirement of realistic (or non–zero) b, s,
µ and τ masses means that ξ1 and ξ2 must get VEVs. Then, from the above F
constraints we see that
〈H13〉 = 〈H14〉 = 〈H17〉 = 〈H18〉 = 0 (10)
in order to preserve SUSY at MP . H19 and H20 are 5 and 5¯ of SU(5)H and obtain
masses of 〈ξ2〉/2 ∼ M . Therefore, they decouple from the spectrum before the
hidden SU(5)H condenses at the scale ΛH which means that 〈H19H20〉 = 0. For
the rest, H23, H24, H25, H26, from Eqs. (9c-f) we get the following constraints:
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a) When 〈Φ23〉 6= 0 and 〈Φ¯23〉 6= 0, either 〈H23〉 = 〈H25〉 = 0 or 〈H24〉 =
〈H26〉 = 0.
b) When one or both of Φ23, Φ¯23 have vanishing VEVs, 〈H23〉 = 〈H25〉 =
〈H24〉 = 〈H26〉 = 0.
We stress that these SUSY constraints on the hidden sector VEVs are obtained
by requiring a realistic heavy quark and lepton spectrum (i.e. 〈ξ1,2〉 6= 0). Oth-
erwise, Eqs. (9a-g) do not lead to useful SUSY constraints on the hidden sector
VEVs.
Since 〈H25〉 = 0 in order to have h45 light as we will see in the next section,
〈H23〉 = 0 in any case in this model. 〈H24〉 and 〈H26〉 may or may not vanish
depending on the VEVs of Φ23 and Φ¯23 as above.
4. Higgs doublet masses
The Higgs doublets in the model are {h1, h2, h3, h45}, their barred counterparts
(i.e. h¯1 etc.), H15 and H16. The light Higgs doublets are determined by the
Higgs doublet mass matrix hi(Mh)ij h¯j where hi = (h1, h2, h3, h45, H15) and h¯j =
(h¯1, h¯2, h¯3, h¯45, H16). From the cubic superpotential we get
Mh =


0 0 Φ¯13 0 0
0 0 Φ¯23 0 0
Φ13 Φ23 0 Φ45 0
0 0 Φ¯45 0 H25
0 0 0 0 ξ2


(11)
where the SUSY constraints Eq. (7) and Eq. (10) have been taken into account.
The entries inMh are the VEVs of the respective fields. The matrixMh is diagonal-
ized by a bi–unitary transformation (SMhT
†)ij = miδij . The h and h¯ eigenstates
and eigenvalues are found by evaluating those of MhM
†
h and M
†
hMh respectively.
One sees that H15 and H16 will get masses (of O(M)) since 〈ξ2〉 6= 0. In
addition, h45 will be heavy unless 〈H25〉 = 0. h45 must remain massless or light
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in order to get a non–vanishing down quark mass matrix Md. Therefore we im-
pose 〈H25〉 = 0 which we used in the last section. Then, generically, there are
two massless doublets:one linear combination of {h1, h2, h45} and another linear
combination of {h¯1, h¯2, h¯45}. Note that h3 (h¯3) gets mass and decouples unless
〈Φ13〉 = 〈Φ23〉 = 〈Φ45〉 = 0 (〈Φ¯13〉 = 〈Φ¯23〉 = 〈Φ¯45〉 = 0). As we will see in the
next section, non–vanishing quark mixing imposes 〈Φ45〉 6= 0 so h3 is necessarily
heavy. In general, one needs to give VEVs to any or all of {Φ¯13, Φ¯23, Φ¯45} so that
h¯3 is also heavy. The exact light doublet states depend on the specific F and D
flat direction chosen for the model. For example if we take 〈Φ¯45〉 = 〈Φ13〉 = 0,
the light doublets are h45, (−〈Φ¯23〉/〈Φ¯13〉)h1 + h2, h¯1 and h¯2 + (〈Φ23〉/〈Φ45〉)h¯45.
Different flat directions with two more vanishing VEVs give different linear com-
binations which remain light. Thus, when two more scalar VEVs (in addition to
those that vanish due to SUSY constraints) are zero, there are two combinations of
hi and h¯i each which remain light. One doublet of each kind must get mass at an
intermediate scale lest there is the danger of large contributions to flavor changing
neutral currents from Higgs exchanges. Since this question is not directly related
to the problem we examine, we simply assume that this is the case and not expand
on this point further.
Higgs doublets also get masses from higher order non–renormalizable terms.
Since only h¯1 or h¯2 and h45 are relevant for quark mass matrices we list only the
terms involving them. There are terms which contain hidden sector states with
U(1)Z′ charge such as
h2h¯45Φ45H23H26 h¯2h45Φ¯45H24H25 (12a, b)
Similar terms for h1 and h¯1 do not exist because of U(1)r1 conservation. The
potentially dangerous terms (12a,b) vanish due to SUSY constraints in the hidden
sector. In addition, there are terms which contain states from the sectors bj+2γ+
(I) such as
h1h¯2Φ45Φ¯
+
1
V1V¯1 h2h¯1Φ45Φ
−
2
V2V¯2 (13a, b)
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Also there are terms which induce a mixing i.e. µ terms such as
h¯1h45Φ¯
−
3
T3T¯3 h¯2h45Φ
+
3
T3T¯3 (14a, b)
h¯1h45Φ
−
3
V3V¯3 h¯2h45Φ¯
+
3
V3V¯3 (14c, d)
In order to get enough quark mixing, one needs 〈Vj〉 ∼ 1016 GeV . This means
that 〈Vj〉 does not arise from condensation of SU(3)H (since ΛH ∼ 1010 GeV for
this model) but from the D constraints [10]. The scale of scalar VEVs which arise
from the D constraints is ∼ M/25 ∼ 1016 GeV as fixed by the right hand side
of Eq. (6a). From Eqs. (13a,b) and higher order terms of the same kind we see
that unless we choose to give VEVs only to one Vj from each sector j, we get very
large masses for the doublets which couple to up–like quarks. In that case, they
decouple from the low–energy spectrum and up–like quarks cannot get masses.
This is phenomenologically unacceptable, so we give VEVs to only one Vj from
each sector bj + 2γ + (I). Thus, the dangerous terms in Eqs. (13a,b) and (14c,d)
vanish.
From Eq. (14a,b) we see that the Higgs mixing terms due to 〈T3T¯3〉 give an
unacceptably large µ ∼ 108 GeV for ΛH ∼ 1014 GeV . As a result, when h¯1 (h¯2)
is light, we have to take 〈Φ¯−
3
〉 = 0 (〈Φ+
3
〉 = 0). Then, Higgs mixing will arise from
higher order terms which are smaller and acceptable.
5. Light Quark Masses
At the cubic order of the superpotential, there is only a mass term for the
heaviest up quark i.e. the top when only h¯1 or h¯2 remains light. The light Higgs
doublet with QL = 1 determines the heaviest generation. At the quartic order
there are no potential quark mass terms. At the quintic order the following mass
terms are obtained [11],
d1Q1h45Φ
+
1
ξ2 d2Q2h45Φ¯
−
2
ξ1 (15a, b)
u1Q1(h¯45Φ45Φ¯13 + h¯2Φ
+
i Φ
−
i ) (15c)
11
u2Q2(h¯45Φ45Φ¯23 + h¯1Φ¯
+
i Φ¯
−
i ) (15d)
(u1Q1h1 + u2Q2h2)
∂W
∂ξ3
. (15e)
The mass term from the cubic superpotential and the terms above give the mass
hierarchy between the two heavy quark generations. The heaviest up–like quark
mass term appears at N = 3 whereas the mass terms for the other quarks (except
for the light ones) appear at N = 5. The latter are suppressed by a factor of
Φ2/M2 ∼ (1/25)2 relative to the former and as a result one can easily obtain
the two or three orders of magnitude suppression required. The analysis of the
non–renormalizable terms up to order N = 8 shows that quark mixing terms are
obtained for all generations [10]. The full list of terms that give mixing between
the quarks have been given in Ref. (10) and will not be repeated here. In addition
there are lepton mass terms[14]
e1L1h45Φ
−
1
ξ2 e2L2h45Φ¯
+
2
ξ1 (16a, b)
There are two possible scenarios with h¯1 or h¯2 as the light doublet that couples
to the up–like quarks. (An additional possibility is that a linear combination of the
two remains light. That case is easy to examine once these two are understood.) In
both cases the down–like quarks couple to h45 because of Qℓj quantum numbers.
In the first case, with h¯1 and h45 as the light doublets, we get with a suitable set
of SO(10) singlets with VEVs[10] (and the SUSY constraints from Eq. (7))
Mu ∼


ǫ1
V3V¯2Φ45Φ¯
+
3
M4
0
V3V¯2Φ45Φ¯
+
2
M4
Φ¯
−
i Φ¯
+
i
M2
V1V¯2Φ45Φ¯
+
2
M4
0
V1V¯2Φ45Φ¯
+
1
M4
1

 〈h¯1〉 (17)
and
Md ∼


ǫ2
V3V¯2Φ45
M3
0
V3V¯2Φ45ξ1
M4
Φ¯
−
2 ξ1
M2
V1V¯2Φ45ξi
M4
0 V1V¯2Φ45ξi
M4
Φ
+
1 ξ2
M2

 〈h45〉 (18)
where ǫ1,2 are small numbers to be determined below. In the second case, where
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the light doublets are h¯2 and h45, we get with the same set of VEVs[10]
Mu ∼


ǫ1
V3V¯1Φ45Φ
−
3
M4
0
V3V¯1Φ45Φ
−
1
M4
Φ
−
i Φ
+
i
M2
V2V¯1Φ45Φ
−
1
M4
0
V2V¯1Φ45Φ¯
+
2
M4
1

 〈h¯2〉 (19)
and
Md ∼


ǫ2
V3V¯1Φ45
M3
0
V3V¯1Φ45ξ2
M4
Φ¯
+
1 ξ2
M2
V2V¯1Φ45ξi
M4
0 V2V¯1Φ45ξi
M4
Φ¯
−
2 ξ1
M2

 〈h45〉 (20)
As explained in Ref. (10) the texture of Mu and Md is a result of the choice of
Vj , V¯js which get VEVs. (We remind that only one Vj , V¯j from each sector bj +2γ
can get a VEV due to constraints from Higgs doublet masses.) Once the VEVs are
chosen, there is an effective discrete symmetry which protects the zeros in Mu and
Md except for light quark masses (i.e. ǫ1,2). The up and down quark mass matrices
are diagonalized by bi–unitary transformations ULMuU
†
R = Du ≡ diag(mu, mc, mt)
and DLMdD
†
R = Dd ≡ diag(md, ms, mb) with the CKM mixing matrix given by
V = ULD
†
L. Since we are only interested in order of magnitude results, we will
loosely take tanβ = 〈h¯1,2〉/〈h45〉 ∼ 1 in both cases.
From Eqs. (15a-e) and the mass matrices we see that in both cases the light
generation is fixed to be the one with index 3 since it is by far the lightest. The
heaviest generation is the one with index 1 (2) for the first (second) case since the
light Higgs doublet which couples to up–like quarks in the cubic superpotential is
h¯1 (h¯2). If we consider only the observable sector of the spectrum, we find that
there are potential Q3u3 and Q3d3 terms such as
Q3u3h¯1Φ13ξ3 Q3d3h45Φ¯13Φ
+
3
ξ3 (21a, b)
These terms potentially induce very large masses to up and down quarks. (For
generic VEVs, they give mu ∼ GeV and md ∼ 100 MeV .) Fortunately, they
vanish due to the SUSY constraints in the observable sector as given by Eq. (7).
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The SUSY constraints gaurantee that all potentialQ3u3 orQ3d3 terms, arising only
from the observable states, vanish to all orders in N as follows [11]. Q3, u3 and d3
have Qℓ3 = 1/2 and the only SO(10) singlets with Qℓ3 charges in the observable
sector are Φ12, Φ¯12 and ξ3 (since h3, h¯3 get very large masses and decouple at low
energies). If these cannot get VEVs, then there cannot be non–vanishing Q3u3 or
Q3d3 terms to any order N due to conservation of Qℓ3. Actually the fact that these
terms vanish is welcome since if they did not they would result in up and down
quark masses which are too large.
Of course, there are other contributions once hidden sector states are taken
into account. For example, at N = 5 and N = 6, there are terms containing
hidden sector states with U(1)Z′ charge such as
Q3u3h¯45H17H24 Q3d3h45Φ
+
3
H24H25 (22a, b)
which potentially induce very large up and down masses (similar to those from
Eq. (21a,b) in magnitude). These, too, vanish due to the SUSY constraints in
the hidden sector (with the additional requirement for a realistic heavy quark
spectrum). In both cases, when H23, H25 or H24, H26 have vanishing VEVs, the
terms in Eq. (22a,b) and all similar higher order terms containing Hi vanish.
Finally, we have terms which contain states from the hidden sectors bj + 2γ + (I).
At N = 8 we get terms with Tj T¯j and Vj V¯j
Q3u3h¯1Φ
+
3
Φ45Φ13T3T¯3 (23a)
Q3u3h¯2Φ
−
3
Φ45Φ13T3T¯3 (23b)
Q3d3h45Φ¯
+
3
Φ−
3
Φ45T3T¯3 (23c)
Q3u3h¯1Φ
−
3
Φ45Φ13V3V¯3 (23d)
Q3u3h¯2Φ
+
3
Φ45Φ13V3V¯3 (23e)
Q3d3h45Φ¯
−
3
Φ−
3
Φ45V3V¯3 (23f)
The terms containing V3V¯3 can potentially induce mu and md of O(MeV ). These
vanish since only one Vj or V¯jfrom every sector can get a VEV as we saw before.
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When h¯2 remains light, the term in Eq. (23a) vanishes due to the µ constraint,
Eq. (9b), which gives 〈Φ+
3
〉 = 0. The other two terms are non–vanishing in general
and are ∼ O(10−6 MeV ) for ΛH ∼ 1014 GeV . We see that light quark masses get
contributions either from the terms (23a-c) or from the off–diagonal terms in Mu
and Md through diagonalization.
We stress that the potentially large up and down mass terms in Eqs. (21) and
(22) vanish because of the SUSY constraints in the observable and hidden sectors.
The set of vanishing VEVs due to SUSY results in an effective Z4 symmetry under
which Q3, u3, d3 have charge α and Tj , T¯j, Vj , V¯j have charge α
3 (α4 = 1). This
discrete symmetry eliminates the terms in Eqs. (21) and (22). Then, the only
potential up and down mass terms come either from Eqs. (23a-f) or from the
mixing terms in Mu and Md.
We analyze the two cases seperately with the requirement sinθc ∼ 0.2. In the
first case, when the light doublets are h¯1 and h45, Mu and Md are given by Eqs.
(17) and (18) respectively. Quark mixing arises mainly from Md and as a result
we have
sinθc ∼ (Md)12
(Md)22
and md ∼ (Md)12(Md)21
(Md)22
(24)
Therefore, md ∼ 0.2 × (Md)21. Since (Md)21 ∼ (Md)12〈ξ1〉 and (Md)22 = ms ∼
150 MeV , we find that md ∼ 4× 10−5〈ξ1〉〈h45〉/M . ξ1 does not appear in F or D
constraints and therefore we can choose 〈ξ1〉 ∼M which gives md ∼ 4MeV , of the
correct order of magnitude. (From mµ ∼ 100MeV we find that 〈ξ1〉 ∼M requires
〈Φ¯−
2
〉 ∼ 10−3M which is certainly possible but an order of magnitude smaller than
its natural value, M/25.) One might think that the appearance of a large VEV, i.e.
〈ξ1〉 ∼ M , destroys the perturbative expansion in N . One can simply form terms
at N + 1 from terms at N by adding ξ1. This is not the case because string (or
world–sheet) selection rules require that, whenever one adds ξ1 to a non–vanishing
string of fields, another field (with VEV ∼ M/25) accompany it. Then, one can
form terms only at order N + 2 (by adding ξ1 to an order N term) and these are
suppressed relative to order N terms by at least an order of magnitude. Note that
15
the contribution of the terms in Eq. (23a-c) is extremely small (∼ 10−6 MeV !)
compared to the above.
The situation for mu is different. We find that mu ∼ (Mu)12(Mu)21/(Mu)22
where
(Mu)12 ∼ (Md)12 〈Φ〉
M
∼ 2× 10−4〈h45〉〈Φ〉
M
(25)
On the other hand, since 〈ξ1〉 ∼ M , from the mµ term, Eq.(16b), we obtain
〈Φ¯+
2
〉 ∼ 10−3M . Using (Mu)22 = mc ∼ 1.5 GeV we get mu ∼ 10−5 MeV which
is six orders of magnitude smaller than the current up mass and too large to solve
the strong CP problem naturally. In order to solve the strong CP problem one
needs [2]
θtot
z
1 + z
< 10−9 (26)
where θtot = θQCD + θquarks and z = mu/md. For the current quark masses
mu ∼ 5 MeV and md ∼ 9 MeV one needs θtot < 10−9 which is the strong CP
problem. It has been shown that there are no axions which can solve the strong
CP problem in standard–like superstring models [15]. An alternative solution is
θtot of O(1) and z < 10
−9 which requires a very small or vanishing up quark mass.
We remind that such a small mu is compatible with current algebra results [3].
Note that since quark mixing comes from Md, there is no constraint (lower bound)
on elements of Mu from sinθc. It is the constraint sinθ ∼ 0.2 and the existence
of 〈ξ1〉 which can get a large (∼M) VEV in (Md)21 that allows for an acceptable
md.
Another possibility is the case with 〈Φ¯+
3
〉 = 0. 〈Φ¯+
2
〉 (or (Mu)21) cannot vanish
because it appears in the mµ term given by Eq. (16b). 〈Φ¯+3 〉 (or (Mu)21) on the
other hand, can vanish since it does not appear in any term that must be non–
zero. The only constraints on 〈Φ¯+
3
〉 are the F and D constraints and these can be
satisfied whether 〈Φ¯+
3
〉 vanishes or not. When 〈Φ¯+
3
〉 = 0 the leading contribution
to mu comes from the hidden sector condensate term in Eq. (23a). This gives
mu ∼ 10−6 MeV which is an order of magnitude smaller than before but still not
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small enough to solve the strong CP problem naturally. If, on the other hand, we
choose a flat direction with 〈Φ±
3
〉 = 〈Φ¯±
3
〉 = 0, then mu = 0 to up to N = 8. In this
case there are no contributions to up mass either from Q3u3 terms or from mixing
in Mu up to N = 8. Does this mean that mu = 0 to all orders in N for this flat
direction? The answer is no since there are higher order contributions to up mass
from Q3u3 terms (from T1T¯1 and T2T¯2 condensates) and mixing inMu from N > 8.
In fact there are N = 9 terms which cannot vanish due to other phenomenological
constraints such as heavy quark and lepton masses etc. The non–vanishing N = 9
terms give mu ∼ 10−7 MeV which can be taken as a lower bound in this model.
Quite generally, even if we choose a flat direction for which mu vanishes up to some
order in N , there will be non–vanishing contributions from higher orders. There
are no flat directions for which mu vanishes to all N if we demand realistic heavy
quark and lepton masses.
In the second case, where the light doublets are h¯2 and h45, Mu and Md are
given by Eqs. (19)and (20) respectively. Again
sinθc ∼ (Md)12
(Md)22
and md ∼ (Md)21(Md)12
(Md)22
(24)
but now the elements of Mu and Md are different. (Now generation with index
2 is the heaviest.) Requiring sinθc ∼ 0.2 and taking 〈ξ2〉 ∼ M , we find once
again md ∼ 4 × 10−5〈ξ1〉〈h45〉/M which gives md ∼ 4 MeV . Now, as in the first
case, mu vanishes if either (Mu)12 or (Mu)21 vanishes. (Mu)21 is non–zero because
〈Φ−
1
〉 appears in mµ. (Mu)12, on the other hand, can vanish since 〈Φ−3 〉 does not
have to get a VEV. The situation is similar to the first case and using the same
arguments we find that mu ∼ 10−5 MeV if 〈Φ−3 〉 6= 0. When 〈Φ−3 〉 = 0, mu arises
mainly from the Q3u3 terms containing the hidden sector condensates which give
mu ∼ 10−6 MeV as before. The previous comments on solving the strong CP
problem and a vanishing mu to all orders for some flat direction for the first case
hold for this case too.
6. Discussion and Conclusions
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We examined the light quark masses in a standard–like superstring model in
this paper. Our results are as follows. An acceptable md (i.e. ∼ 5 MeV ) can be
obtained for a family of flat directions with 〈ξ1〉 ∼ M (or 〈ξ2〉 ∼ M). md arises
from the off–diagonal terms in the down quark mass matrix. This is a result of
the fact that quark mixing arises mainly from Md and sinθc ∼ 0.2. Then, (Md)12
is more or less fixed since sinθc ∼ (Md)12/ms. In addition (Md)21 = (Md)12〈ξ2〉
where 〈ξ2〉 is free since it does not appear in F and D constraints. Thus, we can
take 〈ξ2〉 ∼M and obtain an MeV scale md.
The situation for mu is different. There are no constraints from quark mixing
on (Mu)12 and (Mu)21 so they are in general much smaller. Moreover, 〈ξ2〉 is
replaced with 〈Φ¯+
2
〉 and 〈Φ¯+
3
〉 (or with Φ−
1
and Φ−
3
in the second case) which are
aboutM/103 andM/10 respectively. Consequently, from the off–diagonal terms in
Mu, we find that, in either case, mu ∼ 10−5 MeV which is six orders of magnitude
smaller than the current up mass. We stress that, in standard–like superstring
models, mu cannot be as large as its value from current algebra. Still, such a small
up mass is not in conflict with current algebra results. mu though very small, is
not small enough to solve the strong CP problem naturally. In the first (second)
case mu can be an order of magnitude smaller if 〈Φ¯+3 〉 = 0 (〈Φ−3 〉 = 0). In that
case, mu arises not from the off–diagonal terms in Mu but from N = 8 terms with
hidden sector condensates and mu < 10
−6 MeV . We also find that for a F and D
flat direction with 〈Φ±
3
〉 = 〈Φ¯±
3
〉 = 0, mu = 0 up to N = 8 but not for all N since
there are always some non–zero N = 9 terms which contribute to mu. As a result,
mu cannot vanish in this model. The N = 9 terms give mu ∼ 10−7 MeV which
still is not small enough to solve the strong CP problem naturally.
Why are the light quark masses so small compared to other quark masses or
the weak scale? We see that SUSY preservation in the observable and hidden
sectors, with the requirement of realistic heavy quark and lepton masses, plays a
very important role in this respect. In general, there are potentially large mass
terms for u and d from states in the observable sector. These vanish to all orders
due to the SUSY constraints in the observable sector. There are additional terms
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coming from the hidden sector states with U(1)Z′ charge. These, too, vanish due to
SUSY constraints in the hidden sector (using the requirement of a realistic heavy
quark and lepton spectrum). As a result, the only non–vanishing Q3u3 and Q3d3
terms arise from VEVs of hidden sector condensates 〈Tj T¯j〉 which break SUSY
dynamically in the hidden sector or from terms containing 〈Vj V¯j〉. The former are
extremely small (∼ 10−6 MeV ) since they are suppressed by (Λ2H/M2) ∼ 10−8
with respect to the others. The latter which can potentially give MeV scale up
and down masses vanish due to the constraints from an acceptable Higgs doublet
spectrum.
There are also contributions to mu and md from the off–diagonal terms in
up and down quark mass matrices (through diagonalization). These off-diagonal
elements or mixing terms arise from VEVs of hidden sector states (ViV¯j etc.). In
any case, the mixing terms are small compared to the diagonal (or mass) terms i.e.
(Mu,d)ij << (Mu,d)ii (1 < i, j < 3) except for the 33 terms, that is except for the
light quark mass terms. As a result, the contribution of the mixing terms to the
light quark masses is much smaller than other quark masses.
Why is mu so much smaller than md in this model? One reason is the different
contributions coming from the mixing terms in the mass matrices as explained
above. The other is the elimination of the terms containing 〈VjV¯j〉 due to the
constraints from an acceptable Higgs doublet spectrum. These terms are the only
ones which give an MeV scale contribution to mu in this model.
Our results can also be explained by using symmetry arguments. SUSY con-
straints in the observable and hidden sectors force a number of VEVs to van-
ish. This, in turn, results in an effective Z4 symmetry (with parameter α, where
α4 = 1). Under this Z4, Q3, u3, d3 have charge α and Tj , T¯j, Vj , V¯j have charge α
3.
Then, the only potential up and down mass terms come from terms which contain
〈Tj T¯j〉 and 〈VjV¯j〉 or from mixing terms as we saw. Once different Tj and Vj get
VEVs, the Z4 symmetry is broken and up and down quarks obtain masses.
We conclude that, in the standard–like superstring model considered, mu can-
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not be as large as a fewMeV s. In fact it is at most 10−5 MeV . For a family of flat
directions or vacua mu can be as small as 10
−7 MeV but not much smaller. This
range of up masses i.e. 10−7 MeV < mu < 10
−5 MeV cannot solve the strong CP
problem naturally but is compatible with current algebra results. An acceptable
md at the MeV scale can easily be obtained. We find that the smallness of the
light quark masses relative to the other quark masses is connected to supersym-
metry preservation in the observable and hidden sectors and the requirement for a
realistic haevy quark and lepton spectrum.
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